Connectedness through cooperation with other sectors regarding feedstock, energy, products and by-products is important for environmental performance of industrial production. The aim of this study is to provide a better understanding of the level of connectedness in the Swedish biofuels for transport industry, involving producers of ethanol, biogas and biodiesel. In interviews, the CEOs of four important companies provided information about current strategies, historic and planned development. The production systems are dynamic and have changed significantly over time, including material and energy exchanges between traditionally separate industries. Interesting development was noted where revised business strategies have led to changed cooperation structures and thus altered material and energy flows. Fuel and raw material prices are very influential and all of the respondents said that political decisions to a large extent affect their competitiveness and emphasised the importance of clear long-term institutional conditions, ironically very much in contrast to the current situation within EU and Sweden.
Introduction
The EU growth strategy contains demanding challenges -to remain competitive with a growing economy, ensure energy security and simultaneously reduce the climate impact significantly (European Commission, 2011) . Several EU member states struggle to reach the 2020 targets (Eurostat, 2013) , involving improved energy efficiency and increased use of renewable energy (EU RES, 2009 ). The transportation sector has major difficulties, lagging behind with a share of renewable energy around 4% in 2011 (Eurostat, 2013) , which is why this article focuses on this sector. To be able to follow the strategy and realize the targets, biofuels are seen as essential solutions (EU RES, 2012 ). According to several energy projections and forecasts, biofuels are expected to contribute significantly to the energy supply of the transportation sector for decades to come (OECD/FAO, 2012 , BP, 2012 , cf. Igliński et al., 2012 , Exxon Mobil, 2013 . A radically increased production of biofuels for transportation, providing more fuel and reducing the environmental impact, requires resource-efficient biofuel production solutions (Ersson et al., 2013) . One important aspect to consider regarding resource efficiency is to what degree biofuel production is integrated with other sectors regarding feedstock, energy supply, and by-products (Martin, 2013 , Börjesson, 2009 ).
Industrial symbiosis (IS) research aims at describing and analysing inter-firm exchanges, dealing with the collaboration between industrial actors and their exchanges of material and energy (Chertow, 2000, Martin and Eklund, 2011) . This means their links to suppliers of material and energy and to their customers and other actors such as waste management companies, i.e. analysing the connectedness. Regarding biofuels for transportation, Martin (2013) has investigated the closely related term synergies. For example, Boons et al. (2011) suggest that industrial symbiosis is a process that moves industries towards increased connectedness in terms of material, energy and information flows. Information about physical flows (metabolism) and conditions are essential, but a realisation of resource efficient solutions (implementation of IS) is also very much dependent on economic, institutional and social aspects (Schiller et al., 2014, Domenech and Davies, 2009 ). The "connectedness concept" has been brought in from the field of biological ecology (Hardy and Graedel, 2002) where ecologists have used both connectedness (or connectance, connectiveness) and diversity to examine the stability, productivity, and functioning of natural communities (Wright et al., 2009) . Connectance in biological ecology food webs is a quantitative measure (Hardy and Graedel, 2002) generally defined as the ratio of the number of actual interactions to the number of potential interactions in a community (Wright et al., 2009) . A company with several products and many customers can be seen as more resilient than a competitor relying on one major product, mainly sold to a few customers. The diversity of an industrial network is also relevant in this context, for example, considering to what extent it involves organizations of different types (Ruth and Davidsdottir, 2009 ). In industrial symbiosis literature there is often an underlying assumption that increased connectedness leads to reduced environmental impact (Boons et al., 2011 ) and increased economic benefits, i.e., "win-win" situations (Karlsson and Wolf, 2008) . We do not presume that increased connectedness is always something positive from an environmental or economic standpoint (cf. Boons, 1998 , Bergek, 2002 , Zhu and Ruth, 2013 . However, in assessments of sustainable industrial practices, we claim that it is highly relevant to monitor connectedness and how it is developing, and to analyse this from an environmental and economic perspective. The present biofuel for transport sector is young and growing where rapid development due to market and institutional pressures is to be expected. The 'food versus fuel debate' is influential (Rosegrant and Msangi, 2014) and there is a large focus on environmental performance including issues related to land use (Börjesson et al., 2013) . Understanding the present situation for biofuel producers and change processes influencing their development is therefore an important component for developing strategies for more sustainable production of biofuels.
The aim of this study is to provide a better understanding of connectedness in the Swedish biofuel industry, focusing on ethanol, biodiesel and biogas producers. Cooperative relations involving material and energy flows, i.e., including raw materials, electricity, heat, products and by-products have been studied, addressing the following questions:
• What is the status of connectedness?
• How has the connectedness changed over the years and what is being planned?
• What critical factors influence this development?
Method

Studied cases
For many years, the authors' research group has collaborated with several biofuel companies. During a meeting in 2012, researchers and leading representatives from one ethanol, one biodiesel, and one biogas company discussed future business strategies. Increased valorisation of by-products, further fractionation of feedstock, collaboration projects around energy supply and improvement of CO 2 performance were topics mentioned by the companies. This development was interesting, for example, as it stands in contrast to some of the critical global discourse on biofuels (cf. Kuchler and Linnér, 2012) . The researchers therefore decided to study this development in the biofuel industry in a more structured and in-depth project, to learn more about these cases and see if similar strategies could be identified in other companies as well. One company each for ethanol and biodiesel was identified and selected for the study together with one private and one municipal biogas company, i.e., four companies representing three different biofuels for transport on the Swedish market.
Collection and analysis of empirical information
With the main focus on business strategies, the CEO of each company was selected as a respondent. Interviews were performed during the summer and autumn of 2012 in a semistructured manner utilizing an interview guide containing five open questions. Because the study had a descriptive and explanatory approach, open questions were seen as more useful in getting richer narratives than fully structured interviews or a survey would be, even if such studies may be easier to compile.
Initially, the CEOs were asked to illustrate a synoptic input/output scheme for their production plants, focusing on material and energy flows. This was done on paper, and the illustrations facilitated the discussion of the business organization and its dynamics. The illustrations were kept and used to support the transcription and analysis of the recorded interviews. For each company, the 1.5-2 hour interviews were performed face-to-face by the main writer of this article alone or together with one of the co-writers (in two cases). To a small extent, data from literature, or the companies' and their suppliers' websites, have been used as complementary information. Some supplementary information also was acquainted during the validation sessions performed on telephone later in the study.
All respondents were given the opportunity to check the transcription but only one did so. Therefore, validation questionnaires were sent to the respondents by e-mail. The validation questionnaires did not cover the entire result, but mainly the critical factors for cooperation and strengths of economic and environmental drivers. Only one respondent replied by e-mail, and the others were thus contacted by phone eventually resulting in a validation rate of 75%. The researchers are aware of the fact that it is difficult to separate economic and environmental drivers. The answers indicate that when economic drivers are emphasized it is because of direct economic implications. Environmental drivers also have economic implications for the companies, but more indirectly and long term, for example, related to branding.
Looking at four companies, where differences regarding production methods, location, feedstock, and markets mean varying prerequisites for the level of connectedness, the main part of the analysis is case specific. However, some cross-case analysis was also made, since the study might indicate some general patterns of importance in the biofuel sector. By-product exchanges between the Biodiesel Company (BDC) and the Private Biogas Company (PBC) and the Ethanol Company (EC) and the Municipal Biogas Company (MBC) were found. However, in the coming sections each company is presented individually, without focusing on their inter-relationships.
The cases
Some characteristics of the four studied companies are given in Table 1 . The studied companies produce biofuel for transport for the Swedish market mainly from Swedish feedstock. The ethanol company (EC) produced about half of the ethanol on the Swedish market in 2011 amounting to 2274 GWh (Swedish Energy Agency, 2012), almost exclusively for low-blend applications. The biodiesel company (BDC) is one of the biggest producers of pure biodiesel (B100) in Sweden, accounting for a minor part of the total biodiesel market of 2183 GWh (ibid.). The limited market means that it makes use of a small part of the production capacity today, but the company has the capacity to cover 100% of the forecasted Swedish B100 market in 2020 (Svebio, 2012) . The municipal biogas company (MBC) is a large-scale producer, and accounted for about 20% of the total biogas used for transport of 724 GWh in 2011 (Swedish Energy Agency, 2012) . Summing up the production of the three plants, the private biogas company (PBC) roughly produces an equal amount of biogas. These overall descriptions show that the studied companies are important actors in the Swedish biofuel industry.
Results
In the following sections the results are presented for each company, mainly structured in relation to questions in the aim.
The Ethanol Company
The business idea of the ethanol company (EC) was originally to make ethanol from their owners' products (cereals) by contracting local farmers and produce ethanol for low blending in Swedish petrol, and to produce fodder.
What is the status of connectedness for the EC?
When selecting the location for the EC plant proximity to feedstock, availability of appropriate logistics for the Swedish market and supply of energy with low GHG emissions were important requirements. The flows are shown in Figure 1 . When reflecting upon the connectedness, it is important to consider the importance of each flow (or cooperation) and not only the number of flows (also relevant for Figure 2 -4). About 85% of the plant's energy demand is covered by steam from the neighbouring combined heat and power plant (CHP), also producing electricity and district heating from biofuels. The remaining 15% is electricity. The heat is used for the distillation, but also to dry the by-product of stillage to produce DDGS (Distiller's Dried Grains with Solubles). The DDGS is protein-rich and is put on the market as fodder. The income from the DDGS has increased over the years and today accounts for one-third of the overall income while the ethanol represents the other two-thirds. The business focus has gradually been changing from producing ethanol to producing ethanol and fodder. Most of the feedstock for the ethanol production consists of cereals, mainly winter wheat, of which 80-90% is produced in Sweden and most of it within a radius of 200 km from the plant. Even if the feedstock is limited to cultivated starch-rich crops, it involves a large number of local and regional suppliers. In contrast, the ethanol is mainly sold to a few big customers such as oil companies in bulk and distributed all over Sweden. According to the CEO, the strategy of the EC is now to reorganize production in the direction of a biorefinery, also producing several different fodder products with as high value as possible. The stillage has larger potential for improved valorisation than ethanol. The strategy is to separate the stillage into fractions that can be combined into customized products for a range of animals, possibly increasing the willingness to pay. The corporate group, where EC is one division, is among the bigger producers and sellers of fodder in Sweden. Hence a lot of knowledge about fodder and the fodder market exists internally.
Regarding the thin stillage, it was previously delivered to a biogas production plant nearby (the MBC). However, a re-organization as described with a more diversified fodder production will increase the utilization of the stillage internally and reduce the flows supplied to biogas production. However, there will probably be other smaller flows from the new production line suitable for biogas production. Cooperation with a gas sales and distribution company that will capture and clean the biogenic carbon dioxide created in the ethanol distillation is a new joint venture that will further improve the GHG performance of the EC.
Regarding feedstock development, the EC cooperates with the plant breeding division in their corporate group to develop a special ethanol wheat breed with higher starch content and overall yield, but lower protein content. As this breed requires less nitrogen it potentially constitutes an economic win-win concept for local farmers and the EC, also contributing to reduced GHG emissions. Until now the concept has not been largely accepted, due to unsuccessful dissemination in the sales organization and among the farmers.
The EC has not prioritized the relation to the end consumers of the ethanol. Their market for low blending in petrol is controlled by the oil companies, national taxation rules, and custom rules. However they have considered business models where they would get paid for their significantly better GHG emission reduction than the 35% required in the European Renewable Energy Directive (RED, EU RES, 2009).
What critical factors influence the development of the EC?
Some of the critical factors and drivers for existing and foreseen cooperation are presented in Table 2 . The economic pressure on the EC is high due to increased cereal prices during recent years coinciding with low ethanol prices. It is difficult to distinguish between economic and environmental drivers and to value their relative strength. However, comparing existing and planned cooperative relations in Table 2 , the answers from the CEO indicate that both types of drivers are stronger for the biorefinery idea than the "stillage to DDGS" and "thin stillage to biogas" concepts. The biogas company (MBC) cannot pay a competitive price for the thin stillage, which has inhibited this cooperation.
Environmental drivers are important for the new cooperation. The RES directive was mentioned as a critical factor for the biogenic carbon dioxide capturing and cleaning cooperation, expected to have lower (more indirect, long-term) economic implications. There are both strong economic and environmental drivers for the better optimized ethanol wheat breed.
The Biodiesel Company
The business idea of the biodiesel company (BDC) came from some farmers that wanted to create a company incorporating the whole production chain for biodiesel from rapeseed cultivation to sales and distribution of RME. There were difficulties regarding the production in the original plant, which is why the BDC took the opportunity to take over an operative plant. This plant had an established cooperation with a Vegetable Oil Refinery nearby for which reason the original business idea characterized by independence changed into a more cooperative business organization.
What is the status of connectedness for the BDC?
The cooperation on heating, cooling and rapeseed oil was established before the BDC took over the plant (see flows in Figure 2 ). Approximately 1/3 of the rapeseed oil produced in the vegetable oil refinery is supplied to the RME production, where the BDC can be seen as taking part in a vegetable oil refinery cluster. The by-products from the oil extraction are processed and sold together with the vegetable oil refinery's other oil crop-based products such as food ingredients, cosmetic products, and technical products. The BDC's RME process starts with pure rapeseed oil and mainly gives one by-product, 13-14% glycerol, which is currently sold to a biogas company (the PBC) for biogas production. 
How has the connectedness in the BDC changed over the years and what is being planned?
Besides changes caused by moving to the current plant only the glycerol cooperation with the biogas producer is new, initiated by the BDC soon after taking over the RME plant. The CEO emphasized that it is important to be open to new business opportunities and to constantly evaluate the organization. It was stressed that the focus is on expanded production to improve profitability. The volume is too small to really benefit from scale effects. This requires marketing activities, the market for pure biodiesel (B100) in Sweden being too small. Until now the market has had a niche character reliant on a few customer groups and relations since the availability of the fuel has not been good enough for larger customer groups. Also lack of knowledge of B100, its interchangeability with fossil diesel, and about its improved quality in recent years due to technical advances is a problem inhibiting the expansion. Hence the BDC currently focuses on increasing availability, knowledge, and trust by building infrastructure and relations on the local as well as mid-distant markets. Infrastructure projects are particularly expensive and are performed in a joint investment project with a big truck manufacturing company which will result in a filling station network for B100 in southern Sweden. Possibly this will also contribute to increase interest and trust among truck drivers which were seen as a large but rather conservative potential customer group.
The cooperation around rapeseed oil with the vegetable oil refinery is well functioning and is not foreseen to change. However, in case of radically expanded production the BDC cannot take a corresponding increased supply from this refinery for granted. A complementary feedstock is desirable and one opportunity could be used cooking oil (UCO). Some current B100 customers get used cooking oil as a by-product (e.g. fast food chains) and have indicated an interest in cooperation around it. The BDC also considers other options regarding the glycerol (now used for biogas production), to refine it into other products.
What critical factors influence the development of the BDC?
Some of the critical factors and drivers for the existing and foreseen cooperation are presented in Table 3 . According to the CEO, many of the customers use B100 because it is economically favourable. However, the environmental driver was seen as strong for all cooperative relations, glycerol being one exception (see Table 3 ).
The BDC has a close cooperation with the refinery supplying the oil and a large share of the energy. Trust has developed due to a long-term relation which seems to be important for this cooperation. The CEO emphasized the importance to of cultivating this relation. Also, existing infrastructure such as pipelines are important for this cooperation.
Regarding the glycerol an earlier business relation seems to have been the initiator of the cooperation and trust has developed over time. However, if the BDC refines the glycerol this cooperation will cease. The European Renewable Energy Directive (RED) is of importance as it decides how environmental impact can be shared. As long as the glycerol is used for biogas production, the BDC cannot allocate any of its environmental impact to that process. Conversely, if it is refined internally and then, for example, sold for production of cosmetics some of the environmental impact for B100 can be allocated to those products. The RED was mentioned as a critical factor for other cooperation as well.
As expected, the economic drivers are strong for initiatives to expand the filling station network and stimulate the market.
The Municipal Biogas Company
The Municipal Biogas Company (MBC) was a pioneer in the biogas for transport industry in Sweden and the development was encouraged by the search for alternative fuel for public buses (Fallde, 2011 , Berglund, 2011 . The business idea was originally to produce biogas for public and private transport (buses and cars), and provide a resource-efficient waste handling service for difficult wastes such as waste from a local slaughterhouse. Figure 3 shows the main flows. The heat is supplied as an intra-firm cooperation within the MBC's corporate group, from a nearby biofuelled CHP plant via the district heating grid that was established from the start. The industrial food waste from the slaughterhouse has been a large and important flow for a long time. Glycerol and thin stillage are by-products supplied from biodiesel and ethanol production respectively. The digestate, or biofertilizer, cooperation involves a consultancy firm besides the farmers being the end-users. The fertilizers are transported and spread on local farmland (partly certified for organic farming).
What is the status of connectedness for the MBC?
Figure 3. Current and future material and energy flows in the municipal biogas company. Note that flows of two co-digestion plants are merged into one illustration and that biogas is also produced from sewage sludge within the waste water treatment plant (WWT).
How has the connectedness in the MBC changed over the years and what is being planned?
The district heating grid has been extended also to supply heat for the biogas upgrading. The slaughterhouse waste is classified as hazardous and must be hygienized if the digestate is to be used as biofertilizer, implying a higher energy need, which is why the cooperation around district heating is important. Lately, the main flow of slaughterhouse waste has been complemented by food waste from sorted household waste. The amount and quality of the food waste relies on individuals' willingness to sort their waste which complicates the cooperation since this is done entirely on a voluntary basis.
Biofertilizer handling is an essential part of biogas production systems and can influence the economic and environmental performance substantially. The cooperation with the consultancy firm for distribution and sale of the biofertilizer was initiated to enable better cooperation with the end-users and to improve the profitability which was often a "zero sum game". According to the CEO the consultancy firm provides essential competence and functions not seen as the core business of the MBC. It has become easier to find offset for the biofertilizer especially in the case with the eco-certified biofertilizer produced in one of the plants, but profitability is still low mostly due to the costly transportation and storage.
As described for the ethanol company the cooperation regarding thin stillage may cease.
Due to the small organization the MBC is considering splitting off gas sales and distribution. Such splitting would also allow the sales and distribution company to grow outside the municipal boundaries since the operation would not be restricted by the regulations of municipal companies where administrative boundaries are important. Possibly this would also give better opportunities for decentralized biogas production, e.g. farm-scale production, because the upgrading and infrastructure is a big barrier for small-scale biogas production according to the CEO. Cooperation on these functions might in some cases make small-scale biogas production economically feasible enabling the use of substrates not suitable for transportation to a centralized production unit, e.g. manure.
What critical factors influence the development of the MBC?
Some of the critical factors and drivers for the existing and potential cooperation are presented in Table 4 .  political goals e.g. environmental goals for increased recycling of food waste from households  heterogeneous and "difficult" substrate and potential quality issues of biofertilizer  monopoly of waste for municipal companies  available gate fee for food waste  trust and willingness to sort in the households ** ***
Splitting into production and sales & distribution
 production of biogas is the core business of the company and the sales and distribution organization is already too big  restrictions for municipal companies e.g. ** n/a company 1 geographical boundaries  business agreement of mutual interest with small-scale decentralized biogas production 1 Planned development For most feedstock the MBC receives a gate fee for the waste treatment service, but for some substrates they pay, e.g. glycerol and thin stillage. For the food waste from households they also receive a gate fee since the households pay for the waste collection and treatment.
The use of waste or by-product feedstock is benefitted by the RED, but other regulations like the EU waste directive and in the case of food waste the national environmental goals are also driving forces. Regarding the use of biofertilizer the same policies are pushing for this cooperation but the economic driver for the MBC is so low that it is problematic. Striking in the MBC case is the expressed concern about profitability despite having revenues from gate fees for almost all their substrates. The economic driver for food waste is rated as medium, but according to the CEO this feedstock is good on the margin but would not be economically feasible with that substrate only because it is a heterogeneous and "difficult" substrate compared for instance to slaughterhouse waste or thin stillage. Not surprisingly, the cooperative relations where both the economic and environmental drivers are strong seem to be the most stable and long term, i.e., regarding district heating and the slaughterhouse waste.
The Private Biogas Company
The business idea of the PBC is to tie a cooperative network of actors together around a few production plants in Sweden (potentially also internationally) where the conditions for biogas production is favourable.
What is the status of connectedness for the PBC?
All three existing plants were established by using a business model where certain cooperative relations were set, seen as crucial for the establishment of a new plant and implying cooperation with several actors. Some projected plants have been suspended due to difficulties in establishing some essential cooperation.
Some feedstock categories are similar to the MBC, but the supplied material includes not only waste or by-products, but also agricultural feedstock such as ley crop (dedicated crop). Biogas is also produced from manure. In contrast to the MBC, the PBC pays for most of the raw material.
In Figure 4 the main flows are presented for the three plants. Agricultural feedstock is a challenge since it is often distributed among many small actors. In the plant where manure is used the solution was to create a certain joint estate manure company coordinating the manure and biofertilizer handling between the actors which simplified business administration radically. The biofertilizer from one of the other two plants is handled through the same consultancy company the MBC uses, while in the last plant it is more or less self-organizing. The differences in biofertilizer distribution have developed to a large extent due to the local conditions such as feedstock, branch of farm production structure and types of soil, but also on relations and trust between actors.
Since the manure plant needs energy demanding hygienisation, due to the substrates used, a joint investment in a new biofuelled boiler with one of the farmers in need of a new crop dryer was mentioned as important. The glycerol supply from biodiesel producers is small as it is considered expensive. However, it is an important flow due to its production-regulating capacity.
How has the connectedness in the PBC changed over the years and what is being planned?
The CEO emphasized that an important condition for a plant is a long-term contract with customers for the biogas. From that, based on available feedstock, the organization is established. Regarding the supply of feedstock a paradoxical situation was noted. Long-term contracts assure access to feedstock which is an important condition. However, the respondent indicated that it has become more difficult, and more expensive, to get long-term contracts on by-products from industry, for instance since the suppliers want to keep different options open as the market is dynamic. Consequently, the PBC is changing strategy to reduce the share of long-term contracted feedstock, requiring flexible plants, being able to digest several types of feedstock.
What critical factors influence the development of the PBC?
Some of the critical factors and drivers for the existing and planned cooperation are presented in Table 5 . 
Gas sales and distribution company
 secured market at a fixed price  simplicity increasing the ability to focus on the core business  access to new technology for upgrading and compression (e.g. LBG)  no relation and trust building with end users ** n.a.
Flexibility on feedstock 1
 efficient biogas substrates to low price  investment and operational costs for sorting and pretreatment facilities  policy (RED) benefits waste feedstock  administration working with the search for and contracting of the feedstock  relation and trust building *** ** 1 Planned development
The cooperation on biogas is fixed due to the long-term contracts, often up to 10 or 15 years, with a sales and distribution company. This sets essential frames for the revenues -a longterm market and a fixed price. The digestate sales and distribution is contracted only in the manure plant, where it is a barter exchange agreement. All the biofertilizer in all plants however is distributed, but often without long-term contracts and largely dependent on relationships and trust. The profitability varies up to about 2% of the total profit, but too often it is a zero sum game according to the CEO. Even if the farmers today pay a price reflecting a corresponding mineral fertilizer value of the biofertilizer, it is often "eaten up" by the costly transportation and distribution due to the large water content. Like other biogas companies, the PBC works on finding ways to valorise the digestate, but so far they only have one really successful case. A small local herb seed producing company buys digestate since they need eco-certified soil. This is a small cooperation in terms of mass but not negligible in terms of money and it is a win-win concept according to the CEO.
For the three plants conditions vary. Two of them are based on feedstock for which the economic driver was rated low by the PBC, e.g., distillers spent grain, starch and ley crop. This is explained by low margins related to these flows, due to the price the PBC pays. However, the cooperation exists because it was the best available feedstock when the contracts were signed. In comparison, there are stronger economic incentives to utilize manure and slaughterhouse waste, not paid for. The business model of the PBC seems to create stable cooperation although the economic driver for many of the flows is rather low.
Looking at the environmental driver it is rated as medium or high for all cooperative relations, except for the ley crop. Clearly, the RED policy largely influences how the CEO judges the environmental drivers. The respondent were of the opinion that this policy fails to account for all relevant environmental aspects related to the use of ley crops, saying that it would have been rated higher from an environmental perspective if the RED did not have such influence. Cooperation characterized by both low economic and environmental drivers, such as ley crops, might be seen as economically unsustainable unless the policy framework is changed.
Concluding discussion
Status of connectedness
It can be concluded that the studied biofuel production systems involve many cooperating actors, including several suppliers of raw material and energy, and several customers. There are not only customers for the main products, but also for by-products such as thin stillage and glycerol used for biogas production, and digestate/biofertilizers used by farmers and an herb seed producer. Knowledge about the described physical flows is valuble and the cases include material and energy exchanges between traditionally separate industries, commonly in focus within the IS field (Chertow, 2000 , van Beers et al., 2007 .
It is essential for all the biofuel producers to have well-established relations with actors in the agricultural sector, including farmers. Well-functioning cooperation is needed for input of agricultural feedstock and farmers may be buyers of both fodder and biofertilizers. Both on the input and output side, this study showed examples of contracts directly with individual farmers but also solutions where farmers had to form a corporation or a consultancy firm was used to deal with farmers. The food and feed industry are examples of other relevant sectors that are interacting with the studied biofuel companies, providing inputs or receiving outputs.
Cooperation regarding utilities is also found in the study. Utilization of heating or cooling, based on a large share of renewables, was the most common form of cooperation, found in all companies.
While ethanol production requires carbohydrates or lignin and biodiesel requires triglycerides, biogas can be produced from both these hydrocarbons and proteins (cf. Ersson et al., 2013) . Thus biogas solutions allow greater flexibility on the input side (Börjesson et al., 2013 , Lantz et al., 2007 . All the biogas plants utilize several feedstock categories, chosen considering aspects such as co-digestion effects and prices. The flows vary regarding volume/importance and some are linked to individual industries while others involve a large number of actors. In contrast, the EC and BDC have one major feedstock on the input side, cereals and rapeseed oil respectively. In the BDC this is based on cooperation with one actor while the EC case involves extensive cooperation with local cereal producers.
Three of the companies, the biodiesel and biogas producers, have mainly one by-product flow. While the glycerol (BDC) is valuable, the biogas companies struggle to make profit from the biofertilizers, which seems to be a common problem in this sector (cf. Berglund, 2006 , Dolan et al., 2011 . The EC have two valuable by-product flows, fodder and stillage.
Dynamics in connectedness
Clearly, the connectedness can be described as dynamic, although the studied companies are rather newly established. Interesting development was noted for all the biofuel producers, where revised business strategies have led to developed cooperation structures and thus changed material and energy flows. The companies have taken advantage of opportunities and adopted strategies to cope with challenges in order to stay, or become, competitive. According to their present plans this dynamic strategy will continue -ongoing development is expected.
Comparing the different types of exchanges, the cooperation on by-products appears most dynamic, especially when there is no shared infrastructure for the exchange. By-product exchanges seem to follow the pattern of common trade, where market conditions induce changing patterns. All the companies focus on valorisation of the by-products, for example, increasing the value of the biofertilizers or considering alternative options for glycerol. The ethanol producer both considered differentiation and valorisation, to more efficiently make use of the protein content in the stillage, with a development from one to several and more valuable fodder products. This "biorefinery development" (cf. Octave and Thomas, 2009) could increase the income from fodder, increasing its relative importance to the ethanol from an economic perspective.
The exchanges of byproducts between the biofuel companies will potentially cease or decrease if the valorisation efforts are fully implemented, because alternative options are more favourable from an economic perspective, related to the prices the biogas producers are willing to pay. Both of the biogas producers strive to lower costs for raw material in order to stay competitive (cf. Barney, 2007), i.e. to intensify the search for low-cost substrates. Due to the flexibility of biogas production (Lantz et al., 2007 ) such changes of feedstock are possible, but also imply technological challenges and have impact on the quality of the biofertilizers. According to the respondents, low-cost substrates like manure, food waste, etc., often have a lower energy content and/or require costly pretreatment, making them less cost efficient than high-quality substrates. Nevertheless, biogas solutions might close the loops of many organic flows in society in line with the waste hierarchy (European Parliament, 2008) and industrial ecology thinking. Biogas technology has been termed an "upcycling tenant" in industrial symbiosis terminology (Martin, 2010) since it has the capacity to upgrade low-quality substrates to valuable products such as fuel and biofertilizers. The PBC's strategy was to reduce long-term contracts on feedstock to increase flexibility. In the MBC, focus has shifted towards feedstock internally available within the corporate group, controlled by a monopoly, such as food waste separated from household waste.
Naturally, the EC and BDC also have the ambition to use low-cost feedstock, but their specificity in feedstock requirements (cf. Cherubini, 2010) leaves less room for flexibility. The resource efficiency and cost reduction in wheat ethanol production can be substantially improved but mainly involves change of practices among many farmers (cf. Tilman et al., 2002) . As feedstock makes up about 75-80% of the costs for ethanol production this is of utmost importance. The option to start utilizing ethanol wheat was mentioned (noted as a general option for ethanol producers in Börjesson et al. 2013 ). Used cooking oils are possible future low-cost substrates that would improve the environmental performance for the BDC. However, the demand and cost for this feedstock have increased according to the CEO.
It can also be concluded that the type of cooperation sometimes referred to as "utility synergies" in literature (e.g. heating and cooling cooperation) seems to be more stable than others, which has also been confirmed by van Beers et al. (2007) . However, some relevant changes were noted, such as the expanded use of steam by the ethanol producer in cooperation with a power company and the biogas company using district heating for upgrading.
Critical factors influencing connectedness
In addition to the information about the physical metabolism, the respondents provided information about important drivers and barriers influencing the development, sometimes referred to as the "social metabolism" (e.g. Schiller et al., 2014) . For example, economic, institutional, social and cultural aspects are influential and impact on the decision-making processes of the actors that could potentially exchange material, energy and information (Domenech and Davies, 2009 ).
Naturally, economic factors were frequently mentioned by the CEOs. The companies strive towards cost efficient raw material and energy supply solutions, to increase the value of their products and the number of (by-) products (valorisation and diversification), and they are influenced by the needed investments and try to make use of investments made (e.g. existing infrastructure), etc. Regarding by-product exchanges, short-term economic drivers seem most influential. The EC initially focused on economy of scale, to benefit from large-scale production, which is a strategy that is acknowledged in the biofuel industry (cf. van den Wall Bake et al., 2009 , Hettinga et al., 2009 ) and in business more generally (Panzar and Willig, 1977) . However, this focus on the main product leads to "simpler" solutions for by-products, like using residual heat for DDGS production from the stillage and shipping thin stillage to the neighbouring biogas plant (and other more common waste handling solutions). This changed when more attention was paid to the options to diversify and valorise the by-products and these appeared promising from an economic perspective, which can be described as a shift towards economy of scope (Panzar, 1981) . Similar ambitions to use the economy of scope strategy were identified for all companies. However, for the BDC the supplying vegetable oil refinery controls the primary raw material. Further on, it is urgent for the MBC and PBC to generate more income from the digestate representing a valuable part of the biogas production system. All of the respondents mentioned challenges in relation to profitability, where for example the economic competitiveness of the Swedish biofuel industry generally is lower than the Brazilian which according to van den Wall Bake et al. (2009) is one of the few such industries without any subsidies.
Within the biofuel industry there is an ongoing policy expansion influencing the development. Policy is very influential, in many ways also directly or indirectly affecting the economic incentives mentioned. For some of the described development institutional factors have been drivers, for example, the EU Renewable Energy Directive (RED, EU RES, 2009) where Swedish tax exemptions coupled to RED (see e.g. Ahlgren, 2012) influence choices regarding raw materials, by-product management and other issues. For other types of cooperation or exchanges, policy hinders or at least limits the development, for example, the possibilities to certify biofertilizers from biogas production.
The RED was commonly mentioned as important for the industry, but it should be noted that all studied companies already meet the current requirements of that directive with good margins. Regarding the described feedstock development for the biogas producers, this directive seems to have minor influence. Instead the MBC and PBC referred to prices and political goals such as objectives for energy and nutrient recovery in waste treatment as important drivers (see Miljömålsportalen, 2014) . One of the CEOs argued that the benefits of using ley crops for biogas production is not correctly valued in the RED, and should be regarded as more beneficial if additional aspects of sustainability were encountered.
The companies were involved with strategies that could be described as waste refinery and biorefinery concepts, where valuable products are refined from waste or biomass. This is highly relevant from a resource efficiency and environmental perspective. The use of byproducts and waste for biofuel production is promoted by the RED, but its allocation method for environmental impact may function as a barrier for by-product exchanges. For example, internal refining of the glycerol in the BDC would (accounted in accordance with RED) improve the GHG emission reduction of their biodiesel by 7-8%, compared to the current use for biogas production. The drivers are similar for the EC's thin stillage, currently used for biogas production. It can be concluded that RED clearly favours diversification and valorisation ahead of simple by-product exchanges which influences the studied companies. This, once again, illustrates that environmental regulatory structures can both hinder and facilitate industrial symbiosis.
Political decisions to a large extent affect the companies' competitiveness and the importance of clear long-term institutional conditions was emphasised. On the contrary, the institutional landscape within EU appears very uncertain for biofuel producers, partly because there is an ongoing revision of the RED and other related regulations. The European Commission has proposed some amendments, for example, to try limit the share of crop-based biofuels and to make it mandatory to account for and declare (hypothetically existing) emissions related to indirect land use changes (iLUC, EU RES, 2012 , EP, 2013 Ahlgren and Di Lucia, 2014) . This kind of development is problematic for the biofuel industry. If the proposal is realised, for example, biofuels from oil crops will be affected to a large extent due to a generic ILUC emission addition of 55 g CO 2 -eq/MJ of biodiesel (ibid.). It surely is a challenge to establish relevant legislation and other types of means of control for biofuels, but if the main ambition is to secure levels of food and fodder production, and to improve the environmental situation, policy makers must apply a much wider systems perspective including competing alternatives and uses. An tough regulation of biofuels will favour fossil fuels with many types of significant negative impacts (also affecting food and fodder supply potentials). Comparing different types of needs, food, fodder and fuels (transportation) should have a higher priority than, for example, cosmetics, lemonades, etc., that can be based on the same type of resources but in this respect are rather unregulated and not under debate.
Closely coupled to economic and policy considerations, the CEOs referred to several types of environmental factors when describing the reasons behind their companies' development. Environmental drivers strongly influenced the cooperation regarding green heating, found in all companies. For example, the access to a green and stable energy supplier had major impact on the decision of where to locate ethanol production, highlighting the importance of the characteristics of the energy supply for biofuel producers (cf. Desrochers, 2004) . This seems reasonable, as the characteristics of the energy system have a major influence on the environmental performance of biofuels (Börjesson, 2009) . By-products from biofuel production serve as important feedstock for biogas production, which also improves environmental performance of the biofuels produced (Martin & Eklund, 2011) . Sometimes, by-product utilization improves the environmental performance of the fuel without corresponding improvement of the economic performance as in the case of biogas digestate used as biofertilizer. In terms of GHG emission reduction compared to petrol, the companies perform significantly better than presently required by RED where the EC reaches about 70% reduction, which is similar to Brazilian sugar cane ethanol (Börjesson, 2009) . Regarding biogas produced from waste and agricultural by-products, the GHG reduction is even better. With no more than about 10-15 years of learning experience among niche actors this industry is already among the best in this regard on the biofuel market, but they still have ambitions to continue to improve their environmental performance even if the short-term profitability is low. The respondents described a substantial pressure both from policy and the market to deliver high-quality products competitively priced and simultaneously contribute to sustainability. In order to improve they are looking at the structure of relationships both upstream along their supply chain as well as downstream towards the customer interface for opportunities that could contribute to their economic as well as environmental performance. Due to expectations and requirements of embedded values of sustainability in the products, these values are to some extent transferred into business models which could be seen as a useful tool in an eco-innovation process for biofuel producers (cf. Boons and Lüdeke-Freund, 2013) . The CO 2 cooperation project of the EC is driven by the ambitions to meet GHG reductions that go far beyond the current and foreseeable requirements in the RED. This proactive approach "being ahead" of policy could probably be referred to as environmental branding which is important in this industry.
Further on, the respondents confirmed that social relations, including trust, are factors that influence development of cooperation projects and investments in shared infrastructure function as a driver to maintain or even expand the cooperation. Relations seem to develop between representatives within the biofuel sector that could strengthen such cooperation projects. Possibly, small-scale biofuel producers typically represent small resources which may drive the quest for different partnerships. Also, knowledge-based synergies on an intrafirm and inter-firm level were stated to play an important role. Within the corporate group of the EC, their competence was mobilized to find innovative ways to diversify and valorise the fodder products. Similarly, a development towards more knowledge-based synergies was observed in the biogas companies such as investments in research ventures for eco-innovation with academia, farmers' organizations and others regarding digestate handling and valorisation. These observed knowledge-based synergies relate to the definition of industrial symbiosis as an innovation phenomenon (Lombardi and Laybourn, 2012) . In some of the companies cooperation in relation to the consumers/market was also found in order to reach an established network/sales organization as well as competency in this area which could also be regarded as important in order to organize a competitive production.
While there has been a consensus in IS literature that IS improves competitiveness, most often through improved natural resource efficiency, the opportunities of IS should however be regarded as much broader (Lombardi and Laybourn, 2012) . Hence, when looking at critical factors for IS in the biofuel industry this must be taken into consideration in order to better understand barriers and drivers for cooperation from the actors' perspective. Because of both policy and customer pressure on the biofuel industry to deliver sustainable biofuels, the value embedded in the product/services relates to the whole life cycle of biofuels, which is why supply chain management as well as the customer interface are important parts of future business models for sustainable innovation.
Future outlook
The EU growth strategy involves a transformation into a "greener", bio-based economy, seen as necessary to move towards more sustainable development (European Commission, 2011) . As a part of this, there are high expectations on future biorefineries to deliver a valuable array of products in a resource-efficient way, and biorefinery concepts get a lot of attention in the research policy context. However, how the future biorefineries will be realized is not obvious.
A revolutionary development is possible, where big investments are made and many new biorefineries are built. On the other hand, innovation research often criticizes such simple linear innovation and development models, where research should lead to inventions that later are supposed to be demonstrated, commercialized, and diffused (Freeman, 1996) . Instead, a more dynamic model involving feedback loops and intervention of different actors is seen as more realistic (Lybaek et al., 2012) . Possibly, there is already an ongoing evolution of existing biofuel production into biorefinery networks, where existing biofuel industries develop their operations towards increased valorisation, productification and diversification. In that case, ongoing business-driven processes might contribute to a trajectory of more resource efficient use of biomass. Possibly, it also represents a more realistic, evolutionary or stepwise development into biorefineries (Kram, 2007) that can vitalize innovation in existing industries (Wellisch et al., 2010) .
In this study, the development that was found in the EC and BDC may contribute to improved economic and environmental performance, i.e., similar to the biorefinery idea (cf. Fatih ). Additionally such diversification potentially increases the resilience which according to Mu et al. (2010) is particularly important for biofuel production systems. There are many examples outlined in literature of complex and resilient biofuel production systems (cf. Hatti-Kaul et al., 2007 , Taylor, 2008 , Octave and Thomas, 2009 ). However, the experience of actually producing biofuels has been suggested to provide better competitiveness relative to technologies only developed in research and development labs (Suurs and Hekkert, 2009) . Stepwise development might also better incorporate transformability in the design of new technology and a readiness to change which may further contribute to resilience (cf. Mu et al., 2011) .
Existing biofuel production systems seem to contain dynamic transformability and openness to adapt which is a key to future competitive advantage, improved resource efficiency and a development kernel for the biorefineries of the future.
